Abstract: Dirofilaria immitis (heartworm) infections affect domestic dogs, cats, and various wild mammals with increasing incidence in temperate and tropical areas. More sensitive antibody detection methodologies are required to diagnose asymptomatic dirofilariasis with low worm burdens. Applying current transcriptomic technologies would be useful to discover potential diagnostic markers for D. immitis infection. A filarial homologue of the mammalian translationally controlled tumor protein (TCTP) was initially identified by screening the assembled transcriptome of D. immitis (DiTCTP). A BLAST analysis suggested that the DiTCTP gene shared the highest similarity with TCTP from Loa loa at protein level (97%). A histidine-tagged recombinant DiTCTP protein (rDiTCTP) of 40 kDa expressed in Escherichia coli BL21 (DE3) showed immunoreactivity with serum from a dog experimentally infected with heartworms. Localization studies illustrated the ubiquitous presence of rDiTCTP protein in the lateral hypodermal chords, dorsal hypodermal chord, muscle, intestine, and uterus in female adult worms. Further studies on D. immitis-derived TCTP are warranted to assess whether this filarial protein could be used for a diagnostic purpose.
INTRODUCTION
The causative agent of cardiopulmonary dirofilariasis, Dirofilaria immitis (heartworm), affects domestic dogs, cats, and various wild mammals with increasing incidence in temperate and tropical areas [1] [2] [3] [4] [5] . As mosquito-borne zoonotic pathogens, heartworms can also be transmitted to humans, where they cause pulmonary dirofilariasis [6] . Adult worms reside in pulmonary arteries and right ventricles, resulting in production of blood-circulating microfilariae in dogs as natural hosts [5] . Because dogs with a low worm burden are usually asymptomatic, primary diagnostic screening by detecting blood microfilariae (Mf) or circulating heartworm antigens are necessary prior to treatment [7] . However, due to unapparent infection without Mf in some cases, antigen testing is considered the most sensitive diagnostic method [7] . Therefore, finding a sensitive diagnostic molecular marker for heartworm infections is crucial to control the disease.
Since the initial description of translationally controlled tumor protein (TCTP) in mouse Ehrlich ascites tumor cells and erythroleukemia cells [8] [9] [10] , TCTPs have been discovered in a wide variety of organisms, including mammals, plants, lower eukaryotes, and prokaryotes. TCTP genes have also been found in Caenorhabditis elegans and various parasites, such as Plasmodium falciparum, Plasmodium yoelii, Trypanosoma brucei, Brugia malayi, and Wuchereria bancrofti [11] [12] [13] [14] [15] . Due to their calciumbinding feature and histamine-releasing function in vitro, filarial TCTPs are thought to be associated with parasite survival in the host and initiation of pathology [13] . Detailed research on the physiological roles of TCTP protein in parasites has been conducted, while the question of whether the filarial homologues have immunological roles in the parasitic life stage re- mains still unclear. High expression levels of TCTP protein have been detected in microfilarial and adult B. malayi. As secretory proteins, Bm-TCTPs are present abundantly in the excretorysecretory (ES) products of microfilariae [13] , which are usually exposed to their host immune systems. Given these observations, it has been supposed that filarial TCTP homologues may have potential for immunodiagnosis of filariasis.
Recently, an adult D. immitis transcriptome dataset containing 20,810 unique expressed genes (unigenes) and 15,698 coding sequences (CDS) has been uncovered by using a next-generation sequencing platform and powerful de novo assembly [16] . Based on the comprehensive annotation information of those unigenes, abundant homologous genes, which have not been described in heartworms, were discovered. Here, we initially screened out a D. immitis unigene that was considered as a TCTP homologue, and we cloned and expressed the filarialderived TCTP molecules for further investigation of their potential value for diagnosis.
MATERIALS AND METHODS

Parasites and animals
D. immitis parasites used in the present study were originally derived from an adult dog which was experimentally infected with D. immitis, laboratory raised, and known to be free of intestinal helminths. Three 5-month-old naive rabbits (without previous exposure to ectoparasitic drugs), weighing 2.9-3.2 kg, were provided by the Laboratory Animal Center of Sichuan Agricultural University (China). Institutional Ethical and Animal Care Guidelines were adhered to during the sampling exercises, and all procedures were carried out in accordance with the Guide for the Care and Use of Laboratory Animals.
Sera
For immunohistochemistry, the rabbit immune serum was obtained by immunizing them once with 200 µg purified rDiTCTP with complete Freund's adjuvant and twice with incomplete Freund's adjuvant at 14-day intervals. Serum was collected at week 3 after immunization. The animals were bled at week 2 after the last boost. Blood serum including polyclonal anti-DiTCTP antibodies was collected and purified by HiTrap ProteinA (Bio-Rad, Hercules, California, USA).
For immunoblotting analysis, the positive sera were derived from an infected dog provided by the Department of Parasitology, College of Veterinary Medicine, Sichuan Agricultural University, China.
DNA sequence analysis
The full-length cDNA sequence of DiTCTP used for designing primers was derived from unigene 881 of the assembled D. immitis transcriptome dataset (GenBank accession no. JR896809) in the Transcriptome Shotgun Assembly Sequence Database (TSA) at the National Center for Biotechnology Information (NCBI) [16] . An Open Reading Frame Finder (http://www. ncbi.nlm.nih.gov/projects/gorf/) and the BLAST network server of the NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were used to analyse open reading frames (ORF) of the nucleotide sequence and deduced amino acid sequences to determine similarities with previously reported sequences in GenBank. Signal PV4.0 at the Center of Biological Sequence Analysis (http://www.cbs.dtu.dk/services/SignalP/) was employed to predict the signal sequence. The DNAStar Protean software was used to predict the secondary structure of amino acid sequence encoded by the DiTCTP gene. The presumption of the 3D structure of the DiTCTP protein was performed through the CPHmodels-3.2 Server online program.
Expression and purification of recombinant rDi-TCTP
Extraction of RNA and cDNA synthesis were performed as described previously [17] . DNA encoding the rDiTCTP domain was amplified by PCR using a sense primer, P1 (5´-GGATCCATGCT-GATTTTCAAGG-3´) containing a BamH1 site (shown in bold) upstream of the start codon and an antisense primer, P2 (5´-CTC-GAGTCATTGTTTTTCTTC-3´) containing a Xho1 site (shown in bold), just downstream of the terminator codon. The PCR product was digested with BamH1 and Xho1, ligated into the plasmid expression vector Pet32a(+) (TaKaRa, Kyoto, Japan), which had been processed similarly. The ligated product was transformed into Escherichia coli BL21 (DE3) (Novagen, Darmstadt, Germany). Expression of the recombinant protein (rDiTCTP) was induced with 1 mM isopropyl-β-d-thiogalactopyranoside (IPTG). Purification of rDiTCTP was carried out as described previously [18] .
Immunoblot analysis
Briefly, rDiTCTP protein was separated by SDS-PAGE and transferred onto PVDF membranes (Millipore, Billerica, Massachusetts, USA) for 1 hr in an electrophoretic transfer cell (Bio-Rad). After blocking with 5% skimmed milk in TBST (40 mM Tris-HCl, 0.5 M NaCl, 0.1 Tween-20, pH 7.4) for 1 hr at room temperature, membranes were then incubated with dog antiserum diluted 1:200 (v/v) in 1% skimmed milk in TBST over night at 4˚C. After washing with TBST, the membrane was incubated with horseradish peroxidase (HRP)-conjugated goat anti-dog antibody for 1 hr. After the final washing with TBST, diaminobenzidine (DAB) reagent (Tiangen, Beijing, China) was used for detecting protein signals.
Immunohistochemistry
For immunohistochemistry, adult female worms were fixed overnight in 4% buffered paraformaldehyde solution and embedded in paraffin. The tissue sections were deparaffinized in xylene, rehydrated through an ethanol to water gradient, and treated with 0.01 M citrate buffer (citric acid), pH 6.0, in a microwave oven at 700 W for 5 min. Before immunostaining, the tissue sections with anti-DiTCTP antibody (diluted to 1:2,000, at 4˚C overnight) or pre-immune rabbit sera, non-specific binding was blocked with 0.1% (w/v) glycine in 0.01 M PBS and followed by 4% (w/v) bovine serum albumin (BSA) in 0.01 M PBS for 30 min each. The sections were washed and then incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Life Technologies, Carlsbad, California, USA), diluted to 1:1,000 at room temperature, for 1 hr in darkness. Sections were rinsed with TBS, and then immunoreactivity was detected using the EnvisionTM+ System, HRP (DAB) (DAKO, Glostrup, Denmark). The sections were counterstained with hematoxylin, dehydrated in graded series of alcohol, cleared in xylene, and then observed under a light microscope.
RESULTS
Sequence analysis of DiTCTP
DiTCTP was identified initially while screening the assembled D. immitis transcriptome dataset. According to the annotation information of the unigenes, one of them (unigene 881) showed significant homology with TCTP from Loa loa. ORF analysis suggested that unigene 881 contains a single ORF of 546 base pairs encoding a putative polypeptide of 181 amino acids, with a putative molecular mass of 20.7396 kDa and a pl of 4.62. The sequence produced in this study has been deposited in the GenBank (accession no. JX469415). GenBank analysis showed that DiTCTP shared the highest similarity with a TCTP (GenBank: EFO28099.1) (97%) from L. loa at the protein level, followed by 96% similarity with TCTP from W. bancrofti (GenBank no. AAK71499.1) and 95% similarity with TCTP from B. malayi (GenBank no. EDP33421.1). A Signal PV4.0 analysis suggested that no signal peptide exists in DiTCTP. The protein encoded by the DiTCTP cDNA sequence was predominantly hydrophilic (hydropathy analysis, data not shown). Fig.  1 illustrates that the secondary structures of the DiTCTP protein predicted by different methods showed significant diversity. Three alpha-helices and 2 random coils with no extended strand were predicted by the Garnier-Robson method, while under Chou-Fasman modern, 10 α-helices, 8 extended strand, and 11 random coils were predicted from the amino acid sequence deduced from the DiTCTP gene. Thirteen flexible regions from DiTCTP protein were predicted by the Karplus-Schulz method. The tertiary structure prediction of the DiTCTP protein is shown in Fig. 2 .
Characterization and immunoreactivity of rDiTCTP
The ORF of DiTCTP cloned into Pet32a (+) was expressed as a His-tagged proteins in E. coli BL21 (DE3). A 10 ml HisBind resin column was used for single step purification of His-tagged DiTCTP protein. The purified histidine-tagged rDiTCTP had an apparent molecular mass of approximately 40 kDa by SDS-PAGE (Fig. 3A) . Immunoblot using the serum from dogs with heartworm infections (Fig. 3B) , suggested the rDiTCTP protein to be immunoreactive.
rDiTCTP immunolocalization
Sections of adult female worms probed with anti-rDiTCTP antibody and preimmune serum are shown in Fig. 4A and 4B, respectively. The purified anti-rDiTCTP antibody stained discrete portions of female adult worms, while pre-immune serum showed minimal or no staining. Intensely stained anatomic features in the cross-sections of female worms were the lateral hypodermal chords, dorsal hypodermal chord, muscle cells, and parenchyma and epithelia of the intestine and uterus. Developing embryos also showed clear staining. The hypodermis was remarkable by its lack of staining.
DISCUSSION
Here, we cloned and expressed for the first time the TCTP homologue from D. immitis. The assembled heartworm transcriptome provided a more precise full-length reference sequence to design primers for the expression of DiTCTP. The sequencing result showed a 100% similarity between DiTCTP and the putative ORF of unigene 881, which also experimentally verified that the assembled heartworm transcriptome dataset is a creditable and powerful tool to find new genes of D. immitis.
According to the heartworm transcriptome research [16] , unigene 881 was included in the heartworm intestinal-expressed transcripts. This could be verified by the significant staining of rDiTCTP in the parenchyma and epithelia of the intestine. However, the dark staining in other organs of heartworms indicated that DiTCTP might not be an intestine-specifically expressed gene, but be a widely expressed, muti-functional gene in D. immitis. Developing embryos also showed clear staining, while non-immunostained cells present in the uterus were probably infertile eggs, which had been passed along with developing microfilariae. However, this wide distribution in tissues seems to be in sharp contrast to the situation with female Ostertagia ostertagi [18] , for which TCTP has been reported to be dominant only in eggs, but not in other organs. The study of O. ostertagi-derived TCTP indicated its potentially pivotal role in egg production and development. In contrast to O. ostertagi-derived TCTP, the protein has been identified as an abundant ES product from the microfilarial stage of B. malayi [13] , suggesting that the filarial TCTP-induced histamine release will play a major role in the pathogenesis of filariasis. The different distribution of TCTPs indicates that the O. ostertagi-derived TCTP may play a different role in the survival of parasites within the host than the filarial-derived TCTPs. Given the wide distribution of D. immitis-derived TCTP of females and embryos, it is supposed that this protein may be a multistage expressed protein. Previous studies have reported TCTP to be secreted by parasites to modulate the host immune responses, and itself has immunogenicity [13, 15, 19, 20] , which coincides with our immunoblot results. Further studies on D. immitis-derived TCTP are warranted to assess whether this filarial protein could be used for a diagnostic purpose.
In the present study, a TCTP homologue protein of D. immitis was initially screened out from our heartworm transcriptome dataset and was subsequently cloned and expressed. The immunogenicity of this protein and its wide distribution in tissues was demonstrated. Further studies on D. immitis-derived TCTP are warranted to assess whether this filarial protein could be used for a diagnostic purpose. 
